Aims
Hypertension (HTN) is a well-known contributor to cardiovascular disease, including heart failure (HF) and coronary artery disease, and is the leading risk factor for premature death world-wide. A J-or U-shaped relationship has been suggested between blood pressure (BP) and clinical outcomes in different studies. However, there is little information about the significance of BP on the outcomes of patients with coronary artery disease and left ventricular dysfunction. This study aimed to determine the relationship between BP and mortality outcomes in patients with ischaemic cardiomyopathy. 
Methods and results
The influence of BP during a median follow-up of 9.8 years was studied in a total of 1212 patients with ejection fraction < _35% and coronary disease amenable to coronary artery bypass grafting (CABG) who were randomized to CABG or medical therapy alone (MED) in the STICH (Surgical Treatment for Ischaemic Heart Failure) trial. Landmark analyses were performed starting at 1, 2, 3, 4, and 5 years after randomization, in which previous systolic BP values were averaged and related to subsequent mortality through the end of follow-up with a median of 9.8 years. Neither a previous history of HTN nor baseline BP had any significant influence on long-term mortality outcomes, nor did they have a significant interaction with MED or CABG treatment. The landmark analyses showed a progressive U-shaped relationship that became strongest at 5 years (v 2 and P-values: 7.08, P = 0.069;
8.72, P = 0.033; 9.86; P = 0.020; 8.31, P = 0.040; 14.52, P = 0.002; at 1, 2, 3, 4, and 5-year landmark analyses, respectively). The relationship between diastolic BP (DBP) and outcomes was similar. The most favourable outcomes
Introduction
Hypertension (HTN) is the leading risk factor for premature death and disability worldwide, while being on 2nd and 4th place in ranking order of risk factors in the 2017, 2016, and 1990 evaluations of global burden of diseases, respectively. 1,2 A large proportion of the adult population now suffers from this condition (25-40%). 3 It has been estimated that HTN is responsible for about 40% of all myocardial infarctions. In the INTERHEART study, 4 20-30% of all myocardial infarctions were attributable to HTN. In the recent world-wide PURE study, HTN was present in 32-49% of the study population, 5 and in the GRACE registry 58% patients had a HTN history. 6 In spite of these well-known and overwhelming data connecting HTN with coronary artery disease (CAD) and heart failure (HF), HTN has not been given any particular attention in clinical practice or in guidelines addressing CAD management. 3, [7] [8] [9] Likewise, the association between blood pressure (BP) and coronary artery bypass grafting (CABG) or percutaneous coronary intervention are rarely discussed. [9] [10] [11] In the Secondary Prevention After Coronary Artery Bypass Graft Surgery scientific statement from the American Heart Association, HTN was addressed but with no specific recommendations other than that put forward by general HTN guidelines. 'Admittedly, no clinical trials to date have specifically assessed BP targets after CABG with respect to clinical outcomes'. 10 However, in an early study on the long-term effects of CABG, it was suggested that patients with a concomitant diagnosis of HTN did not benefit from surgical revascularization. 12 Further, the most recent HTN guidelines do not contain specific recommendations for patients with CAD and left ventricular (LV) dysfunction.
3,13
Whether there is a linear, J-, or U-shaped relation between BP levels and outcomes in HTN patients has been debated for decades. [14] [15] [16] Although most of these studies have analysed primarily HTN populations, a few have specifically addressed patients with concomitant CAD. It has been proposed that a very low BP in CAD patients might endanger coronary perfusion and increase the risk of coronary events. 17 Unrelated to the pathophysiology or treatment of HTN, low BP may be a consequence of the presence and extent of LV dysfunction, thereby a sign of increased risk. Thus, a U-shaped relationship between BP and outcomes has been noticed. 18 Despite this seemingly convincing evidence relating BP to outcomes, how BP levels, the diagnosis of HTN, and the management of BP in the long-term should be factored in decision making regarding revascularization, and further management of patients with ischaemic HF is unclear. The population of patients included in the Surgical Treatment for Ischaemic Heart Failure (STICH) trial provides the opportunity to understand the role of HTN and BP measurements in the outcomes of patients with CAD and LV dysfunction who are considered and treated with surgical revascularization. Accordingly, the aim of the present study was to investigate how BP the previous diagnosis of HTN affect the mortality outcomes of patients with ischaemic HF with or without surgical revascularization. We hypothesized that a U-shaped relationship exists between BP and mortality outcomes, and that a high BP post-surgery diminishes the survival benefits of CABG.
Methods
The STICH trial (http://www.clinicaltrials.gov. Unique identifier NCT00023595) methodology has been described in detail previously. [19] [20] [21] Briefly, patients > _18 years of age with CAD amenable to CABG, and an ejection fraction (EF) < _35% were randomized to CABG with guideline-directed medical therapy vs. medical therapy alone (MED).
The primary endpoint was all-cause mortality, and the median followup time was 9.8 years (interquartile range 9.1-11.0 years). Trial sites were prompted by the Coordinating Center to implement guidelinerecommended optimal medical therapy in both randomized arms. The study complied with the Declaration of Helsinki, and the locally appointed ethics committee approved the research protocol. Informed consent was obtained from the subjects or their legally authorized representatives.
Definitions
This study focused on two separate, albeit biologically related, variables: (i) diagnosis of HTN prior to entry into the study and (ii) BP at baseline and during follow-up, irrespective of the diagnosis of HTN. The diagnosis of HTN among study patients in this trial was reported by investigators at the time of randomization [the original study protocol defined HTN as treated or untreated systolic BP (SBP) > _130 mmHg or diastolic BP (DBP) > _85 mmHg (for diabetic patients DBP > _80 mmHg) in repeated measurements]. Patients' BP measured at the time of randomization was considered as the baseline BP for the purpose of this study. During follow-up, BP was recorded at each clinical visit at pre-specified time points, and these values were used in the analyses (see Statistical Methods section).
Statistical methods
Descriptive summaries of patient demographics and baseline clinical characteristics are presented as means and standard deviations for continuous variables, and as frequencies and percentages for categorical variables. Statistical comparisons of patient groups defined according to the presence or absence of a history of HTN were performed using the Wilcoxon rank-sum test for the continuous variables and the conventional v 2 test for categorical variables.
The relationships of history of HTN and of baseline BPs (systolic and diastolic) with all-cause mortality were examined using the Cox proportional hazards regression model. 22 For the BP variables, we examined the shape and strength of their relationship with mortality using a flexible model-fitting approach involving cubic spline functions (cubic polynomials). 23 These functions were graphically and statistically examined and, when relations were non-linear, their shape was characterized with the spline functions. Because BP was measured at regular follow-up visits, and may change over time, we also performed analyses to take into account the postbaseline BP values, and assessed how the BP obtained over time were related to subsequent mortality. This was done in two ways: First, successive landmark analyses starting at 1, 2, 3, 4, and 5 years after randomization were performed. Each patient's BP measurements obtained prior to the starting point of the landmark analysis were averaged, and the relationship of average BP with subsequent mortality was examined with the Cox model using cubic spline functions as described above. Second, we treated BP as a timedependent covariate in the Cox model. Starting with the baseline BP, this method examined the relationship with mortality by updating an individual patient's BP values each time a new measurement was obtained. On average, each patient had 8.5 BP measurements (median = 7 BP measurements), with minimum = 1 and maximum = 29 BP measurements.
To descriptively illustrate the added prognostic significance of BP when the post-baseline values are incorporated, we categorized patients into three categories: low BP (<110/60), high BP (>140/90), and normal BP (all values between the low and high thresholds) and examined the subsequent mortality in groups cross-classified according to baseline BP and the landmark average BP. Finally, Cox model analyses were performed using (i) the baseline BP and (ii) landmark average BP to assess whether the effect of CABG compared with medical therapy differed according to BP, i.e. whether there was an interaction of treatment with BP. A plot of 10-year mortality rates comparing CABG vs. medical therapy as a function of average BP was produced for each of the landmark analyses.
All analyses were performed using SAS statistical software, version 9.4 (SAS Institute, Cary, NC, USA).
Results

Baseline characteristics
Of the 1212 patients included in the study, 728 (60.1%) reported a history of HTN. Patients with a history of HTN were slightly older, more likely to be female, and to have higher rates of previous stroke and risk factors for atherosclerosis (Table 1) . Further, patients with a history of HTN had higher EF and smaller LV cavity size. However, the risk-at-randomization score (calculated for each patient with an equation derived from an independent data set using multiple variables with known power to predict the 5-year risk of death without CABG) 20 was similar between the two groups. Baseline characteristics by baseline SBP and diastolic BP (DBP) tertiles are shown in Supplementary material online, Tables S1 and S2.
Outcomes in relation to diagnosis of hypertension and baseline blood pressure A prior diagnosis of HTN did not affect long-term mortality, hazard ratio 0.96, 95% confidence interval [0.83-1.11], P = 0.578 (Figure 1) , or the effect of CABG treatment (interaction, P = 0.618) (Figure 2) . Further, neither baseline SBP (P = 0.728) nor baseline DBP (P = 0.124) affected outcomes or the treatment effect of surgical revascularization. However, when 10-year clinical outcomes (all-cause mortality) were analysed with SBP and DBP as time-dependent covariates in a Cox model, there was a statistically significant relationship between BP and outcomes (Supplementary material online, Table S3 ). This relationship is best described by the results of the landmark analyses performed at 1, 2, 3, 4, and 5 years after randomization. Although no relationship was observed between baseline SBP and survival, the landmark analyses showed an increasingly stronger U-shaped relationship as the follow-up time progressed (Figure 3) . A similar relationship was observed for DBP and survival (Supplementary material online, Figure S1 ). At the 5-year landmark analysis, the mortality risk during the subsequent follow-up was the lowest (around 40%) in the SBP range of 120-130, and DBP 75-85 mmHg, and the risk increased to over 60% in the lowest as well as in the highest SBP range (Figure 3 ).
Blood pressure during follow-up and treatment effect of coronary artery bypass grafting
Blood pressure during follow-up tended to increase in both treatment groups (Supplementary material online, Figures S2 and S3) . Using the same landmark analyses, no statistically significant interaction was observed between BP during follow-up and the treatment effect of CABG over MED treatment on all-cause mortality ( Figure 4) .
The levels of baseline BP did not associate with the mortality rate as much as the 5-year average BP. For patients who had normal baseline BP and normal 5-year average BP, their mortality rate was among the lowest. Patients who had low or high 5-year average BP had the highest mortality rate, regardless of their baseline BP levels (Supplementary material online, Table S4 ). Thus, the longer-term BP levels (5-year average) were more strongly associated with outcomes than one single BP measurement at baseline.
Blood pressure-lowering drugs were used in equal proportions in all groups with no significant change during the study follow-up (Supplementary material online, Table S5 ).
Discussion
In this study, the diagnosis of HTN and the level of BP prior to randomization were not associated with 10-year all-cause mortality among patients with ischaemic cardiomyopathy. Similarly, neither the . . . . . . . . . . . . . . . . . . diagnosis of HTN nor the baseline BP interacted with the treatment effect of surgical revascularization or modified the survival rates among these patients. However, a striking U-shaped relationship was found between BP during follow-up and subsequent mortality, such that the lowest mortality was observed among patients with average SBP between 120 and 130 mmHg. This U-shaped relationship became stronger as follow-up progressed, despite the smaller number of patients and the shorter duration of remaining follow-up on each subsequent landmark analysis.
A U-shaped relationship between risk factors and outcomes has been noticed previously in HF and HTN studies. 14, 24, 25 Continuous variables are presented in the format of mean ± standard deviation, and categorical variables are presented with number (%). outcomes in HF as well as in CAD populations. 26, 27 The reasons for these J-or U-shaped relationships are not always easy to understand given the complexity and interplay of the multiple variables involved in the determination of BP. Mostly, such associations are not interpreted as causal relationships, and confounders are thought to be involved in the pathophysiological processes. There might also be a reverse causation as it has been shown that in older people BP tend to decrease when death is coming near. 28 It is likely that the observed U-shaped relationship between follow-up BP and subsequent mortality is mediated by different mechanisms operating at either end of the BP spectrum. For example, low BP has been associated with poor outcomes in patients with HF and reduced LV systolic function. 29, 30 The pathophysiology underpinning this observation is different from the process that mediates the well-known adverse effect of high BP on outcomes in patients with any form of cardiovascular disease. The optimal levels of BP in HTN have been debated, and the discussion has recently been fuelled by studies implying that the lower the BP, the better the outcomes. 31, 32 Although the optimal BP in patients with HF has not been defined, 25, 32 it is generally accepted that, in patients with HF, a low BP should be tolerated in favour of the adherence to recommended treatment with beta-blockers and RAASblockers, which are believed to generate better organ perfusion in spite of the lower BP. 33, 34 In our study, the optimal SBP appeared to be in the range of 120-130 mmHg. In patients with BP below this range, risk increased linearly with decrease in BP, suggesting that this may be a consequence of HF and poor LV function. 31 It is important to underscore that this was a study on HF patients following CABG surgery, and not a HTN study. Therefore, it is unlikely that overtreatment with anti-hypertensive drugs was the cause of increased mortality with low BP. Further, there were no differences in number of drugs between the treatment arms or among patients with different levels of BP. Finally, the lack of association between BP and outcomes at baseline suggests that there is a progression of the disease process during follow-up, likely as a consequence of the natural progression of HF. Keeping the poor outcome of these ischaemic HF patients with low SBP in mind, advanced therapies with LV assist device therapy or even heart transplantation may be considered in suitable patients. Over the entire SBP spectrum, CABG treatment was more effective than MED treatment, and clearly also in the low-SBP range. This strengthens the reasoning that an improvement of LV function (with CABG) could benefit outcomes also in patients with very low BP. The potential protective effects of coronary revascularization against coronary hypoperfusion in low BP subjects appears mechanistically plausible. How a continued low BP should be targeted in the clinical situation would require a thorough evaluation of each individual patient. Although most of the patients in this study had recommended HF medication (valid for the early years post millennium shift), there are now several additional therapeutic options. The use of devices (cardiac resynchronization therapy and implantable cardioverter- defibrillator) was rather low in the study, as were the rate of mineralocorticoid receptor antagonist treatment.
Of note, the diagnosis of HTN was not associated with poor outcomes in our study, in contrast with high BP during follow-up. This suggests that it is not the diagnosis of HTN per se, but rather the BP control that is most associated with the outcomes of patients with ischaemic cardiomyopathy. Furthermore, the progressively accentuated U-shaped relationship between BP and outcomes observed in our landmark analyses reinforce that BP monitoring could be vital for best long-term outcome.
Limitations
This was a post hoc analysis and the main STICH study was not focused on BP evaluation. Further, the trial design did not include specific recommendations about BP management during follow-up. Hence, the results of this study must be interpreted with caution, as we cannot assess the potential for a causal relationship between BP management and survival in patients with ischaemic cardiomyopathy. Nevertheless, these findings provide an unbiased assessment of the relationship between BP and outcomes that-in the absence of randomized trials targeting specific BP levels-should be useful in the management of these patients. Of note, the use of BP-lowering agents may have been underestimated in this study, as information regarding the use of anti-hypertensive agents that are not used as HF medications was not prospectively collected.
Conclusion
Neither a history of HTN nor baseline BP levels influenced the survival of patients with ischaemic cardiomyopathy, nor did they affect the beneficial treatment effect of surgical revascularization. Instead, it was the level of BP during the follow-up that was strongly and progressively associated with subsequent mortality. Patients in the lower or higher BP spectrum during follow-up had increased subsequent risk of death. The U-shaped relationship observed in our study suggests that the optimal SBP for patients with ischaemic cardiomyopathy might be 120-130 mmHg.
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